Mesenchymal progenitor cells (MPCs) are often characterized using surface markers after expansion and treatment in culture. There are no studies directly comparing gene and protein markers in undifferentiated samples during the very early phases of culture. The goal of this study was to evaluate temporal gene and protein expression changes during establishment of equine MPC cultures. Bone marrow aspirate was obtained from 35 horses and processed by density gradient centrifugation. In freshly isolated bone marrow, mononuclear cells had variable expression of CD44, CD11a/CD18, CD90, and CD45RB cell surface molecules. After 2 h of culture, bone marrow mononuclear cells had a phenotype of CD44 hi , CD29 hi , CD90 lo , CD11a/CD18 hi , and CD45RB lo . Isolated mononuclear cells were analyzed by fl ow cytometry and RT-qPCR at 2, 7, 14, 21, and 30 days of culture. At all culture time points, gene expression was in agreement with cell surface protein expression. In established cultures of MPCs, cells remained robustly positive for CD44 and CD29. The proportion of positive cells and the mean fl uorescence intensity of positive cells increased in CD90 expression as MPC cultures became more homogeneous. Inversely, the population of cells in culture decreased expression of CD11a/CD18 and CD45RB molecules over time. The decreased expression of the latter molecules makes these useful negative markers of established MPC cultures under normal expansion conditions. The results of this study demonstrate numerous dynamic changes in cell surface molecule expression during early establishment of MPC populations, which may aid to improve MPC isolation methods for research or therapeutic applications.
Introduction
M esenchymal progenitor cells (MPC) have been studied extensively in many species since the fi rst report by Friedenstein over 30 years ago [1] . Characterization studies of established human MPC cultures using differentiation assays, gene expression analysis, and cell surface protein markers have been performed for nearly a decade [2] . Most studies evaluate MPC cell surface markers and gene expression after expansion in culture in order to obtain suffi cient cell numbers for analysis [3] [4] [5] [6] . However, there are reports of confl icting results in MPC marker protein expression patterns when comparing phenotypes of freshly sorted MPCs to expanded MPCs [7, 8] . These studies suggest that the phenotype of MPCs is dynamic during isolation and culture processes.
Temporal changes in cell surface protein expression during expansion in culture have been reported in only a few studies. In the original MPC description by Pittenger et al. [2] , population enrichment from Day 2 through 14 was described based on fl ow cytometric measurement of SH2 and SH3 expression, but full cell surface protein characterization was not reported until passage one or two using expanded cells. Another study reported no temporal changes in cell surface phenotype for bone marrow cells after they had reached confl uence in culture compared to their next fi ve passages [9] . Although these studies have added important information concerning cell expansion, early immunophenotype changes remain incompletely understood.
The use of gene expression data in most MPC studies has focused primarily on assessment of MPC differentiation capacity into terminally differentiated tissues (ie, collagen type II for cartilage; osteonectin for bone) [2, 10] . When monoclonal antibodies are used to immunophenotype cells in a previously uncharacterized tissue type, gene expression data provides supporting evidence for protein expression in the tissue and helps to validate the reactivity of the antibody.
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The advantage of dual protein/gene analysis is to confi rm negative protein results and account for kinetic changes of transcription and translation.
Early bone marrow cultures contain a heterogeneous mixture of cell types, which become more homogeneous over the fi rst 3 weeks of culture. There is no uniformly accepted defi nitive phenotype or surface markers for isolation of MPCs from uncultured samples [11] . In fresh bone marrow aspirate, cells of varying maturity in both hematopoietic and non-hematopoietic lineages are present, with varying levels of surface protein expression within each population, making separation of cells from distinct lineages diffi cult. During early culture, the proportion of hematopoietic cells committed to terminal differentiation is reduced via spontaneous apoptosis and removal due to nonadherence, leading to a more uniform population of mesenchymal cells. In the present study, our hypothesis was that the immunophenotypes of bone marrow cells were changed during the very early phases of MPC culture establishment as the cell population became more homogeneous. The goal of this study was to evaluate both gene and protein expression of cell surface markers to characterize MPCs using fl ow cytometry and RT quantitative PCR (RT-qPCR) throughout culture duration. The results of this study may aid to improve MPC selection and isolation methods for research or therapeutic uses.
Materials and Methods

Study design
Candidate antibodies were tested for reactivity and specifi city with equine cell surface antigens. Subsequently, cell surface molecules of uncultured bone marrow cells were analyzed using fl ow cytometry. Bone marrow cells were cultured and harvested on 2, 7, 14, 21, and 30 days for analysis of cell surface proteins and gene expression. All procedures were performed in compliance with institutional guidelines for research on animals.
Antibody validation
To validate reactivity of antibodies with equine cells, peripheral blood cells were used as positive and negative controls. Whole blood (30 mL) was collected from fi ve horses for antibody validation. Blood samples were drawn into preservative free heparin to a fi nal concentration of 33 units/mL. Candidate equine and human monoclonal antibodies tested are listed in Table 1 . Whole venous blood was processed prior to fl ow cytometry analysis using density gradient centrifugation to remove the majority of red blood cells as previously described [12] .
Validation of antibody specifi city
The CD44 and CD11a/CD18 antibodies have been previously validated as specifi c for their respective molecules in the horse [13, 14] . The CD11a/CD18 antibody (clone CZ3.2) identifi es a noncovalently linked heterodimer consisting of a 180 kDa α-chain (CD11a) and a 95 kDa β-chain (CD18) using immunoprecipitation under reducing conditions [13, 14] . The CD44 antibody (clone CVS 18) identifi es a heavily glycosylated molecule of 65-100 kDa [13, 14] . On a 12% SDS-PAGE analysis, a "smear" was produced approximately in the 100 kDa position, indicating that the precipitated molecule was heavily glycosylated. The analysis was repeated after endoglycosidase F treatment of the precipitate, and a single 76 kDa band was produced in both reducing and nonreducing conditions [13, 14] . The CD44 antibody has also been shown to react with protein produced by a cDNA-encoding equine CD44 molecule in a COS cell expression system [15] .
For CD90, CD29, and CD45RB antibody validation analyses, whole cell lysates were prepared from fresh peripheral blood leukocytes and from red blood cells with platelets. Western blot analyses were performed to determine if the reactive candidate antibodies bound proteins of the expected size based on previous literature, protein size similarity to other species, or predicted equine sequences. The CD90 antibody was expected to detect a ~17 kDa protein, similar in size to the equivalent human protein. Similarly, the CD29 antibody was expected to detect an ~130 kDa protein based on the size of the human protein. The CD45RB antibody was expected to have one or more bands <150 kDa based on the multiple isotypes of the human protein. To test the CD45RB and CD29 antibodies, proteins from cell lysates were resolved on 7.5% sodium dodecyl sulfate polyacrylamide (SDS-PAGE) gels, which were subsequently transferred to polyvinylidene fl uoride (PVDF) membranes and probed with the relevant antibody. A 15% SDS-PAGE gel was used to resolve cell lysates for subsequent analysis of the CD90 antibody following protein transfer to a PVDF membrane.
An immunoprecipitation was performed in addition to western blot analysis for the CD29 antibody, using an unconjugated version of the antihuman CD29 (Beckman Coulter, clone 4B4LDC9LDH8) used in this study. A 7.5% SDS-PAGE gel was used to resolve the immunoprecipitated products. Following protein transfer, the PVDF membrane was probed with antibody known to recognize human β1-integrin (Calbiochem, clone 4B7-CP26).
Bone marrow aspirate collection and cell isolation
Bone marrow aspirate was used to assess changes in cell surface markers over time and for tri-lineage (cartilage, bone, and adipose) differentiation. Bone marrow aspirate was collected from the sternabrae of 35 horses (11 males and 24 females, age range 6 months-20 years) under standing sedation with xylazine hydrochloride (0.55 mg/kg IV) and local anesthesia using 2% lidocaine hydrochloride (10 mL/site). Samples were collected in preservative-free heparin (American Pharmaceutical Partners Inc, Schaumburg, IL) to a fi nal concentration of 33 units/mL. Aspirate (60 mL) from each horse was diluted to 180 mL total volume using phosphate-buffered saline + 0.5% bovine serum albumin. The white blood cell fraction of the sample was enriched and the majority of red blood cells were removed by layering each 30 mL aliquot of dilute sample on Ficoll-Paque Plus (Amersham Biosciences, Piscataway, NJ) for density gradient centrifugation, as described for antibody validation. Samples were resuspended in 50 mL MPC culture media (see below) prior to cell counting using a hemocytometer. Approximately 2-9 × 10 8 bone marrow mononuclear cells (BMMNC) were obtained per sample using this method. A portion (~10 × 10 6 cells) of the uncultured bone marrow aspirate samples from all 35 horses were analyzed using fl ow cytometry. In a subpopulation of horses ) to prevent damage to cell surface proteins and avoid cellular clumping. Cells were processed and analyzed by fl ow cytometry as described earlier, except dot plot settings were adjusted to a logarithmic scale in the cultured cells to include large, granular cells. Flow cytometric analysis of cell surface molecule expression was performed in the gate determined to contain dividing cells based on the results from the propidium iodide DNA staining assay described later.
Propidium iodide DNA staining assay for cell cycle analysis
Propidium iodide can be used to determine DNA content in cells and identify populations of cells undergoing division. A reported feature of MPCs is their ability to proliferate [2] . To determine the region of cell division, samples (0.5 × 10 6 cells) from six cultures were collected on Day 14 and resuspended in 500 μL hypotonic propidium iodide solution containing 0.05 mg/mL propidium iodide, 1 mg/L sodium citrate, and 0.1% Triton X-100 [16] . Samples were protected from light and incubated at 4°C until analysis. Samples were analyzed by fl ow cytometry on FL2. Histograms were plotted for each cell population on a linear scale. The DNA content is proportional to the mean fl uorescence intensity, and consequently indicates the stage of cell division (G0/G1, S, G2, M; cells in subG0 are dead) [17] .
RNA extraction and one-step reverse transcription and quantitative polymerase chain reaction (RT-qPCR)
Gene expression analysis was included to confi rm negative protein results and account for kinetic changes in transcription and translation. At the same time points when cells were analyzed by fl ow cytometry, RNA was extracted from ~1-3 × 10 6 cells of the corresponding samples using Trizol® (Life Technologies, Invitrogen, Carlsbad, CA) according to the manufacture's directions. RT-qPCR was performed to provide supporting evidence that gene expression levels were consistent with cell surface protein expression levels. RNA quantity and quality were determined using a Nanodrop® spectrophotometer (NanoDrop Technologies, Inc, Wilmington, DE), and visualization of 18 and 28S bands on 0.8% agarose gels. Gene segments were cloned and novel sequence data fi les were submitted to Genbank (accession numbers, EF442070 for CD13; EF442071 for CD29; EF576851 (n = 8), samples of bone marrow aspirate before and following density gradient centrifugation were submitted for cytological analysis.
Samples from some horses (n = 14) were used only for antibody validation and were not cultured. The remaining samples (n = 21) were subsequently cultured as described below. Bone marrow samples from a subpopulation (n = 6) of horses were cultured for 14 days and then utilized for analysis of DNA content to determine the cell cycle state. Some samples (n = 6) did not have suffi cient cell numbers to complete analysis at all time points; yet they were used for fl ow cytometry at one or more culture time points to check for repeatability or alterations in cell surface protein expression. Samples from three horses were cultured for 21 days and then subjected to tri-lineage differentiation assays. Suffi cient cell numbers for protein and gene expression analysis at all time points were available from six horses.
MPC expansion in culture
BMMNCs were plated onto 10 cm diameter tissue culture plates at a density of ~300,000 cells/cm 2 (20 × 10 6 cells/ plate). Cells were cultured at 37°C in a 5% CO 2 , 95% air atmosphere at 5% humidity. Cells were cultured in media containing Dulbecco's modifi ed Eagle's medium (DMEM, glucose at 1,000 mg/L), 2 mM l-glutamine, penicillin (100 units/mL), streptomycin (100 units/mL), basic fi broblastic growth factor (bFGF, 1 ng/mL), and 10% fetal bovine serum. One-half of the media (5 mL) was removed at 24 h of culture and replaced with fresh media. Subsequently, media were exchanged every 72-96 h. At subconfl uence of 70%-90%, cells were passaged 1:3 using Accumax® cell dissociation solution (Innovative Cell Technologies Inc, San Diego, CA) and plated at a density of about 10,000 cells/cm 2 . Approximately 10 × 10 6 cells from each sample were analyzed by fl ow cytometry for cell surface protein expression at 2 h and on days 2, 5, 7, 14, 21, and 30 of culture. Cells were analyzed at these time points to evaluate the changes in cell surface proteins over time, and to characterize the cells prior to performing differentiation assays.
Flow cytometry analysis
Cell surface markers of putative stemness were assessed using fl ow cytometry. Cells were pelleted in aliquots containing 1 × 10 6 cells and labeled for cell surface molecules selected from a panel of monoclonal antibodies known to defi ne human MPCs (Table 1) . Cells were treated with a 20-min blocking step using 10% normal goat serum in FACS-Buffer (phosphate-buffered saline containing 2.5% fetal bovine serum). The cells were pelleted, washed with FACS-Buffer, and pelleted again. Cell pellets were resuspended in fl uorescent-conjugated or -unconjugated primary monoclonal antibody and incubated for 45 min at 4°C. Cells were then washed, a second fl uorescent-conjugated goat anti-mouse IgG or IgM antibody (fl uorescein isothiocyanate (FITC) or phycoerythrin (PE)-conjugated Affi niPure Goat Anti-Mouse IgG (H+L) or IgM μ-Chain-Specifi c, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) was applied to the unconjugated antibodies, and the samples were incubated for an additional 45 min at 4°C. The CD29 antibody was directly conjugated with PE (read at FL2); all others were labeled with FITC-conjugated secondary Assay Kit, BioAssay Systems, Hayward, CA) in cell extracts collected on days 2, 3, 4, and 7 following induction. Protein content in the same cell extracts was determined using the Bradford protein assay kit (Bio-Rad Protein Assay, Bio-Rad Laboratories, Hercules, CA) using bovine serum albumin as the standard. Calcium concentration was expressed as μg Ca 2+ /μg of total protein. Chondrogenic induction. Pellet cultures were generated using 5 × 10 5 cells/pellet with processing as previously described [19] . Pellet cultures were maintained in medium consisting of high glucose DMEM containing 100 μg/mL sodium pyruvate, 10 ng/mL TGF-β3, 100 nM dexamethasone, 1× insulin/transferrin/selenium (ITS+1) premix, 40 μg/mL proline, and 25 μg/mL ascorbate-2-phosphate (all Sigma-Aldrich, Inc., St. Louis, MO). Medium was replaced twice weekly. Samples were collected on days 1, 3, 7, 14, 21, and 28 of culture. Pellets were fi xed with 4% paraformaldehyde, embedded in paraffi n, and sliced into 4 mm sections. Matrix metachromasia was assessed with Safranin-O/fast green staining.
Statistical analysis
Gene expression data were categorized into four groups by culture duration: 1 = <1 week; 2 = 1 week; 3 = 2 weeks; 4 = 3 weeks or more. Calcium/protein ratio data were categorized into one of four groups by induction duration: 1 = control (no osteogenic induction); 2 = 48 h of induction; 3 = 72 h of induction; 4 = 1 week of induction. Groups were compared using a one-way ANOVA with a Tukey all-pairwise comparisons post hoc test. A P value of <0.05 was considered signifi cant.
Results
Cytology of bone marrow aspirate
Cellular counts and distribution were compared between whole bone marrow aspirate and following gradient density centrifugation. Density gradient cell isolation was highly effective in removing RBC from the bone marrow aspirate with only 0.07% of original RBC remaining after isolation (Table 3) . Approximately 70% of nucleated cells were also lost during processing. The monocytic lineage had the highest postprocessing recovery at 47%, while the eosinophil lineage had the lowest recovery with only 5% of preprocessing numbers.
Validation of antibodies against equine peripheral blood and bone marrow cells
Equine CD44, human CD29, canine CD90, and equine CD11a/CD18 antibodies were confi rmed reactive to equine for CD45; EU881920 for CD90; and EU881921 for CD11a). A portion of the CD44 gene was also cloned and agreed with previously reported data (X66862).
Total RNA was reverse-transcribed and amplifi ed using the one-step RT-PCR technique and the ABI PRISM 7900 HT Sequence Detection System (Applied Biosystems, Foster City, CA). The primers and dual-labeled fl uorescent probe [6-FAM as the 5′ label (reporter dye) and TAMRA as the 3′ label (quenching dye)] were designed using Primer Express Software Version 2.0b8a (Applied Biosystems, Foster City, CA). All probes and primers were designed using equinespecifi c sequences published in Genbank, or sequenced in our laboratory (Table 2 ). Since several isoforms (fi ve in humans) of CD45 exist, primers and probes were designed to detect as many equine isoforms as possible (equivalent to four of the fi ve human isotypes). Two genes (CD45 and CD11a) did not reach a C T value in later time point samples. Therefore, normalized copy numbers per nanogram of RNA values for each gene were calculated. A quantity value of 1 was assigned to samples that did not reach a C T .
MPC differentiation assays
To verify that cultured bone marrow cells were capable of tri-lineage differentiation, 10 × 10 6 culture-expanded cells from three horses were used for adipogenic, osteogenic, and chondrogenic induction assays.
Adipogenic induction. Aliquots of MPCs (0.2 × 10 4 cells/ well) were treated with 5% rabbit serum (lot 24129, Innovative Research, Novi, MI) in culture media to induce adipogenesis [18] . Media was changed at Day 4 following induction. Samples were collected on days 1, 3, and 7 post-induction. To assess adipogenic differentiation, cells were fi xed in 4% paraformaldehyde, incubated in a solution containing OilRed-O for 10 min to stain for lipid inclusions, and counterstained with hematoxylin. Stained samples were imaged using standard microscopy and graded positive or negative for Oil-Red-O staining.
Osteogenic induction. Aliquots of MPC (0.2 × 10 4 cells/ well) were treated with 100 nM dexamethasone, 10 mM β-glycerophosphate, and 50 μM ascorbic acid (all SigmaAldrich, Inc., St. Louis, MO) in low glucose DMEM/10% fetal bovine serum media. Media was changed at Day 4 for the 7-day culture samples. Samples were collected on days 1, 3, and 7 following induction to assess early osteogenic differentiation. To assess calcium accumulation, cells were fi xed in 4% paraformaldehyde and incubated in 2% aqueous Alizarin Red S (Sigma) for 3 min, followed by counterstaining with hematoxylin. Stained samples were imaged using standard microscopy and assessed for Alizarin Red staining. Intracellular calcium concentration was measured using a commercially available kit (QuantiChrom™ Calcium 
The 18S ribosomal subunit was used to normalize gene expression. Cell count is calculated to refl ect a 60 mL BMA sample. Mean (Min/Max) n = 8.
molecules using fl ow cytometry analysis ( Fig. 1 and Supplementary Fig. 1 ; Supplementary materials are available online at http://www.liebertpub.com/). The bovine CD45RB antibody had questionable reactivity with equine molecules. CD45RB data is included to demonstrate the importance of antibody validation, and the value of gene expression data in providing supporting evidence when protein expression detection is questionable.
To confi rm reactivity of the antibodies to equine molecules, isolated peripheral blood neutrophils ( Supplementary  Fig. 1B), lymphocytes (Supplementary Fig. 1C) , and monocytes ( Supplementary Fig. 1D ) were tested. Results could then be used for comparison with fresh bone marrow cells of the same size and granularity (Fig. 1) . In addition, for cells of the monocytic lineage, bone marrow was cultured for 2 h and the adherent cells were collected and compared to uncultured bone marrow cells of the same size and granularity (see Fig. 2 , 2-h sample). There was increased mean fl uorescence intensity for the CD44 and CD11a/CD18 molecules in both lymphocyte and monocyte lineage cells compared to uncultured bone marrow cells of the same size and granularity, confi rming these antibodies were reactive to mononuclear cells. The monoclonal antibodies against equine MHC class I, equine MHC class II, and equine CD3 labeled the expected cell populations, and were used as internal controls for subsequent fl ow cytometry assays.
By analogy to peripheral blood cells, Region 1 included cells of the neutrophil lineage, Region 2 cells of the lymphocyte lineage, and Region 3 cells of the monocytic lineage. Interestingly, CD44, and CD11a/CD18 antibodies were variably immunoreactive in freshly isolated bone marrow cells. Cells in Region 1 were CD44 hi , CD29 hi , CD90 hi , CD11a/ CD18 hi , and CD45RB hi (see Fig. 1B ). Regions 2 and 3 contained bone marrow cells that were CD44 lo , CD29
hi , CD90 lo , CD11a/CD18 lo , and CD45RB lo ( Fig. 1C and 1D ), suggesting these regions contained cell types other than mature mononuclear cells.
Other antibodies tested were found to be nonreactive to equine molecules or differed in expression from MPCs of other species. The specifi c lot of monoclonal antibody against equine CD13 and several human antibodies tested, including Stro-1, SSEA 1, SSEA 3, SSEA 4, and CD34, did not label equine cells using fl ow cytometry. No equine-specifi c positive controls, such as embryonic stem cells, were available to confi rm the negative fi ndings.
Validation of protein specifi city
Western blot analysis alone did not clearly indicate specifi city of the CD29 antibody with equine blood cells. No distinct band was detected on multiple attempts to analyze CD29 antibody binding. It was proposed that this antibody did not recognize the denatured protein. The Beckman Coulter CD29 antibody, clone 4B4LDC9LDH8, has been extensively used for immunoprecipitation in human cells [20] . Immunoprecipitation using clone 4B4LDC9LDH8 antibody followed by western blot analysis with the Calbiochem clone 4B7-CP26 antibody confi rmed the CD29 antibody (4B4LDC9LDH8) reacted with a single protein of ~130 kDa ( Supplementary Fig. 2A1 ). Western blot analysis was successful in demonstrating that the CD90 antibody reacted with a protein of appropriate size of 17 kDa ( Supplementary  Fig. 2B1 ) in equine peripheral blood leukocytes and not in red blood cells or platelets. The CD45RB antibody did not react with a protein of expected size of ~150 kDa on western blot analysis. Instead, multiple poorly defi ned protein bands were noted of varying sizes (data not shown).
DNA content analysis to determine cell cycle stage of cultured bone marrow cells
DNA content analysis was useful for identifi cation of the region of interest (Gate 3) on the dot plot of cultured MPC, and subsequent fl ow cytometry analysis was restricted to this cell population (Fig. 3) . Proliferating cultured bone marrow cells were identifi ed in Gate 3 by the high number of cells in the S/G2/M phase based on their increased DNA content [17] . Cells in S/G2/M were consistently located only in this gate. In contrast, in Gate 1 (R1) and Gate 2 (R2), the majority of cells are presumed to be dying (subG0).
Cell surface marker expression in cultured bone marrow cells changes over time in culture
After 2 h of culture, adherent mononuclear cells displayed an antibody labeling pattern of CD44 hi , CD29 hi , CD90 lo , CD11a/CD18 hi , and CD45RB lo (Fig. 2) . By 2 days of culture, expression of CD11a/CD18 began to decrease, while CD90 expression increased. In Gate 3, there appeared to be a heterogeneous cell population as evidenced by multiple Supplementary Fig. 1C) . Also, the expression of these molecules in Region 3 is different between uncultured (D) and isolated peripheral blood cells (see Supplementary Fig. 1D ) or 2-h cultured bone marrow cells (Fig. 2) . Abbreviations: WBC, white blood cell; RBC, red blood cell. At 48 h, the presence of multiple cell types was evidenced by several peaks in antibody labeling for CD44, CD29, and CD90. By 14 days, when cells display a fi broblastic morphology in culture, putative mesenchymal progenitor cells were positive for CD44, CD29, and CD90, while negative for CD45 and CD11a. This staining pattern is retained throughout long-term culture.
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peaks in CD44, CD29, and CD90 mean fl uorescence intensity. On Day 7, CD11a/CD18 cell surface expression further decreased, while CD90 expression began to increase. By 14 days, adherent cells in culture were CD44 hi , CD29 hi , and CD90
hi , CD11a/CD18 neg , and CD45RB neg ; these cells displayed a fi broblastic morphology characteristic of MPC (data not shown). This pattern of molecule expression was retained at 21 and 30 days for all MPC samples. At all time points (2 h, 2, 7, 14, 21, and 30 days), adherent bone marrow cells in culture showed a consistent labeling pattern with the results described earlier in all samples analyzed.
Gene expression in cultured bone marrow cells
Gene expression data was consistent with cell surface protein expression at all culture time points. CD44 gene expression was present in all samples but changed over time (Fig. 4) . Early samples (≤7 days) had signifi cantly more CD44 expression compared to samples cultured for 14 days or more (P < 0.001). CD29 gene expression was also high and present in all samples, but no signifi cant differences were detected based on culture duration (P = 0.19). Expression of CD90 varied with culture duration and was signifi cantly Figure 3A reveals the cell cycle status according to their DNA content (stained with propidium iodide). In Gates 1 (R1) and 2 (R2), the majority of cells are within sub-G0 and G0/G1, consistent with cell death. In Gate 3 (R3), cells are undergoing division, and one-third of cells are in S/G2/M phase. Therefore, the fl ow cytometric cell surface molecular analysis reported in Figure 2 was performed with cells gated in Region 3 (R3).
greater in cells cultured for 21 days or more compared to all earlier samples (P < 0.001). Gene expression of CD11a and CD45 was present in all samples cultured 7 days or less. In contrast, samples cultured 14 days or longer failed to reach a C T value with a threshold of 40 cycles in 60% of samples analyzed for CD11a, and 84% for CD45. For CD11a, early duration culture samples had signifi cantly more expression than samples cultured 14 days or more (P < 0.001). CD45 gene expression levels also signifi cantly decreased with increasing culture duration (P < 0.001).
Differentiation assays
Tri-lineage differentiation capacity of cultured bone marrow cells was confi rmed through in vitro adipogenic, osteogenic, and chondrogenic assays. Following induction, histochemical stainings for adipogenesis and osteogenesis in short-term (≤ 7days) assays and longer duration chondrogenic induction (up to 4 weeks) were consistent with previous reports of MPC differentiation potential [2] . In the description by Pittenger et al., lipid vacuoles were detected within 48 h of induction under adipogenic conditions, calcium accumulation continued for at least 3 weeks, and Safranin-O staining increased over the 4-week time period under chondrogenic conditions.
Under adipogenic culture conditions, MPCs accumulated a large amount of lipid vacuoles in their cytoplasm, while control samples had no appreciable staining for lipid (Fig. 5) . Osteogenic culture conditions induced a change in cell morphology from fi broblastic to a stellate or cuboidal shape within 7 days (Fig. 5) . Early calcium accumulation was evidenced by Alizarin staining in the fi rst 7 days of culture. Calcium accumulation in MPCs following osteogenic induction was signifi cantly increased by Day 7 compared to earlier time points and control samples as assessed using calcium/protein ratios of the samples (P = 0.003). Control cells had 0.347 ± 0.038 μg Ca 2+ /μg total protein, which increased to 0.490 ± 0.120 μg Ca 2+ /μg total protein within 24 h of osteogenic induction. By 72 h, content was 0.756 ± 0.226 μg Ca 2+ /μg total protein and by 7 days the ratio was 1.502 ± 0.467 μg Ca 2+ /μg total protein, a 3-to 6-fold increase in relative calcium compared to control conditions. During chondrogenic induction, an increase in pellet size was noted with increasing culture duration over the 28-day culture period. The pellets also had progressively more matrix metachromasia as evidenced by enhanced staining with Safranin-O stain with increased culture duration (Fig. 5 ).
Discussion
In this study, temporal changes in cell surface protein and gene expression in MPC in culture were demonstrated. Based on the literature, it was anticipated that established equine MPC cultures would be negative for CD45RB and CD11a/CD18, and positive for CD44, CD29, and CD90 (Thy-1) [2, 21] . Protein expression data in early cultured (2 h) bone marrow mononuclear cells comprised CD44 hi , CD29 hi , and CD11a/CD18
hi -positive cells, with a smaller population of CD90 lo and CD45RB lo -positive cells. Established cultures of MPC were robustly positive for CD44, CD29, and CD90, becoming negative for CD11a/CD18 and CD45RB. Gene expression data followed the same pattern, in which established cultures retained expression of CD44, CD29, and CD90, whereas levels of CD11a and CD45 dropped below the level of detection by 14 days of culture. The molecules detected by these antibodies were found to have protein and [2] , none has specifi cally documented changes in gene and protein expression over time from isolation through 2 weeks and beyond.
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In bone marrow samples cultured for 48 h, a mixed population of cells was still present despite selecting for strongly
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are not unique to MPCs. Although these molecules are not included in the minimal criteria for defi ning human multipotent mesenchymal stromal cells, they may play a role in equine characterization studies as part of a combination of positive and negative markers, since expression of the molecules are sustained in long-term culture [21] .
Gene expression data was especially useful to confi rm negative results when analyzing CD45RB cell surface protein expression, as CD45RB expression was weakly/inconsistently detected in isolated peripheral blood leukocytes and bone marrow cells when tested by fl ow cytometry. The bovine CD45RB antibody used in this study had previously been validated for the horse [24, 25] . Nevertheless, protein detection using fl ow cytometry can be affected by variability in the reagents (monoclonal antibody product lot or secondary conjugated antibodies) or instrument settings used. Therefore, validation of reagents and standardized data collection and analysis are important for consistency in results. We have included the CD45RB data specifi cally to demonstrate the importance of reagent validation. Gene expression data can be a useful tool for cellular immunophenotyping when protein expression data is inconsistent, or reagents are not readily available, as it was for CD45RB. In the future, with adequate reagents to the equine species, protein expression for CD45 can be confi rmed.
An interesting observation of this study was the difference in cell surface molecule expression between fresh bone marrow mononuclear cells and peripheral blood leukocytes, or short-term (2 h) cultured bone marrow mononuclear cells for CD44, and CD11a/CD18. To our knowledge, other studies that have analyzed and/or antibody-sorted fresh marrow did not account for this difference in protein expression [26] . Mitchell et al. [27] reported initially low levels of CD44 protein expression in uncultured cells, which increased during successive passages. The lack of antigen identifi cation on freshly isolated cells from the bone marrow can be misleading since cells may not be suffi ciently mature to express proteins characteristic of their lineage especially when trying to classify hematopoietic versus non-hematopoietic cells. Therefore, we suggest a short duration culture (ie, 2 h) to better classify adherent bone marrow cells based on their molecular expression of hematopoietic markers (ie, CD11a/CD18).
Lack of expression of Stro-1, SSEA1, SSEA3, SSEA4, and CD34 in isolated bone marrow and cultured cells could not be verifi ed due to unavailability of equine-specifi c reagents, and the lack of reactivity of human reagents to horse molecules. Lack of positive controls prevents the validation of these reagents for equine molecules. The lack of crossreactivity of several human antibodies to equine molecules is not surprising given the recent work by Ibrahim et al. [28] who reported only 14 out of 379 monoclonal human antibodies tested cross-reacted in a cell-type-specifi c manner with equine leukocytes. The fi ndings of these studies emphasize the importance of rigorous testing with controls when using xenogenic antibodies.
Density gradient centrifugation of equine bone marrow aspirate was successful in removing nearly all of the red blood cells and allowed for analysis of the mixed mononuclear cell fraction in fresh samples using fl ow cytometry. Approximately 30% of nucleated cells were retained for analysis, which is identical to that of human bone marrow aspirate using the same technique [2] . The number of mononuclear cells in equine aspirates following isolation adherent cells by vigorously washing the plates prior to sample collection. This was evidenced by multiple peaks in CD44, CD29, and CD90 mean fl uorescence intensity and side scatter distribution ( Fig. 2 ; 48 h analysis) of cells in fl ow cytometry. At least two populations of cells expressing CD90 in different mean fl uorescence intensities were detected at the protein level. This molecule is highly expressed in equine neutrophils. Neutrophils are known to enter apoptosis spontaneously within 24 to 36 h of culture [23] , so they would be progressively removed during subsequent media changes, and the relative levels of CD90 gene and protein expression of remaining cells should decrease proportionally during early culture. Over time, the cells expressing CD44, CD29, and CD90 became more homogeneous (see Fig. 2 , 48 h versus 14 days) based on the fl ow cytometric histogram analyses. Expression of CD44 or CD29 molecule alone is not useful to determine putative MPCs because they was also proportionate to human bone marrow mononuclear cell counts on a per ml of aspirate basis, and 3-5 times more total mononuclear cells were harvested/isolated from equine since 3-5 times the volume of aspirates were collected. Equine bone marrow samples provided suffi cient cell numbers to allow analysis at multiple early time points. An accepted characteristic of MPC is the highly proliferative nature of this cell type [2] . Previous studies have not attempted to target the dividing cell population when analyzing MPC markers. Cell cycle analysis of cultured bone marrow cells was a simple way to identify the dividing population. Characterization of surface protein expression for this specifi c population may be more accurate than ungated analysis, as cells from the nondividing populations are removed from analysis. In actively dividing cultures, we have noted ~40%-65% of the total cells are located in the region of interest (Region 3). As cultures senesce, we have noted a drop in the percentage of cells located in Region 3 to 10%-30% (data not shown) with a shift in cellular distribution toward Regions 1 and 2 of the dot plot, and decreases in mean fl uorescence intensity of CD90 and CD44 expression in Region 3. Not only does analysis of cellular markers in Region 3 focus on the dividing cell population, relative cell distribution between the three regions also refl ects the overall proliferative activity of the culture.
Much work remains to be done in the full characterization of the equine MPC. This study presents a preliminary molecular profi le using both gene and protein expression levels of bone marrow-nucleated cells from isolation to 1 month in culture. Understanding the early changes in cultured bone marrow cells may promote identifi cation of cellular markers unique to early MPCs and help distinguish them from hematopoietic and other cell types. Our results suggest that freshly isolated cells from bone marrow aspirate do not express surface proteins uniformly due to varying stages of cellular maturity. This may lead to less accurate cell sorting when using freshly isolated bone marrow cells. For example, use of the cell surface markers CD44 or CD11a/CD18 to sort freshly isolated bone marrow cells may incorrectly select immature hematopoietic cells expressing low levels of these proteins. Short-term culture allows selection of adherent, more mature cells, leading to more accurate classifi cation of cell lineage and the potential for mesenchymal differentiation. Taking advantage of changes in marker expression during culture establishment may be benefi cial for enhanced isolation of MPC from bone marrow aspirate or other tissue sources.
